and 60 AA from the NIH (39 with LN; 21 with SLE but without nephropathy). Analysis of the NIH and larger PROFILE cohorts, as well as a combined analysis, did not support this association. Conclusions: These results suggest that AA with ESRD and coincident SLE who were recruited from dialysis clinics more likely have kidney diseases in the MYH9 -associated spectrum of focal segmental glomerulosclerosis. PRO-FILE and NIH participants, recruited from rheumatology practices, demonstrate that MYH9 does not contribute substantially to the development of LN in AA.
infection (HIV-associated nephropathy; HIVAN) and focal global glomerulosclerosis (FGGS, historically labeled 'hypertension-associated nephropathy'). After initial detection using mapping by admixture linkage disequilibrium, multiple regions within MYH9 have shown strong and replicated associations with FSGS, FGGS and HI-VAN in AA with end-stage renal disease (ESRD), with odds ratios (OR) between 3 and 5 [1] [2] [3] . MYH9 demonstrated a weaker association in type 2 diabetes-associated ESRD in AA [4] . As such, MYH9 contributes to approximately 40-45% of all ESRD in the AA population. Risk variants in MYH9 are present in 60% of AA and 4% of EA (approximately 36% of AA are E1 risk haplotype homozygotes, compared to less than 1% of EA), explaining much of the ethnic variation in incidence rates of kidney disease [1] [2] [3] . SLE affects AA significantly more often than EA [5] , and AA have more severe renal involvement [6] . Only a subset of SLE patients ultimately develops lupus nephritis (LN) and the factors underlying this phenomenon remain elusive. Familial aggregation of LN has been observed and close relatives of patients with LN often have disparate (e.g. non-lupus-related) etiologies of nephropathy [7] . This finding suggested the existence of overarching renal failure susceptibility genes, nephropathy genes not necessarily specific for LN [8, 9] . It is also unclear whether genes underlying severe forms of LN (e.g. ESRD) contribute to milder forms of LN.
To determine whether the MYH9 gene underlies susceptibility to LN, seven MYH9 single nucleotide polymorphisms (SNPs) strongly associated with ESRD were tested for association with LN in 668 AA patients with SLE recruited in the PROFILE and NIH cohorts and at the Wake Forest University School of Medicine (WFUSM). In addition, 735 AA control subjects without SLE were genotyped.
Patients and Methods
Study Populations 25 AA with ESRD clinically attributed to LN (listed on the CMS 2728 diagnosis code form) and 735 AA controls denying a personal history of SLE or kidney disease were recruited at the WFUSM. The PROFILE cohort consisted of 583 AA with SLE, as previously reported [10] . PROFILE participants included in this investigation consisted of 583 AA SLE patients meeting at least 4 of 11 American College of Rheumatology (ACR) criteria for SLE. Of these, 318 had LN (cases) and 265 SLE patients did not have this clinical manifestation (controls) as defined by one or more renal function evaluations. The NIH cohort consists of 60 subjects with SLE (39 with LN) and 96.7% of subjects had longitudinal data on renal function (minimum 2-year follow-up after the diagnosis of SLE). All subjects gave informed consent for genetic studies, under protocols approved by the relevant Institutional Review Board.
SNP Selection and Genotyping
Seven SNPs in MYH9 were chosen for genotyping, based on strong association with other forms of ESRD in previous reports containing AA with FSGS, FGGS, HIVAN and diabetes-associated ESRD [1, 3] . Tested SNPs included rs11912763, rs4821480, rs2032487, rs4821481, rs5750250, rs3752462, and rs5756152 (see table 2 ). The strongly associated MYH9 E1 risk haplotype containing rs4821480, rs2032487, rs4821481 and rs3752462 was also evaluated [1] . SNP genotyping was performed on a TaqMan Genotyping System (Applied Biosystems, Carlsbad, Calif., USA).
Seventy di-allelic ancestry informative markers (AIMs) were genotyped to provide individual admixture proportion estimates used to control for population substructure in the association tests from the WFUSM samples (AIM genotypes were not available in the NIH samples). A principal components analysis was performed in the PROFILE participants using genome-wide association data to account for population structure. AA case and control DNA samples for AIMs were genotyped using either Illumina Inc.'s Custom Genotyping Services (San Diego, Calif., USA) or using the Sequenom Mass Array (San Diego, Calif., USA). 39 unrelated EA controls were recruited, as described for the AA controls, and DNA was obtained from 44 Yoruban Nigerians (YRI) from the National Institute of General Medicine Sciences (NIGMS) Human Variation Collection (Coriell Repositories, Camden, N.J., USA).
Statistical Analyses
Each SNP was tested for departures from Hardy-Weinberg equilibrium (HWE) expectations via a 2 goodness-of-fit test [11] . Linkage disequilibrium was estimated using the classic D and r 2 statistics as implemented in Dprime (http://www.phs.wfubmc. edu/public_bios/sec_gene/downloads.cfm) and Haploview 3.32 [12] . All tests of association were adjusted for age and gender and all analyses limited to WFUSM samples were ancestry-adjusted. The individual admixture proportions for the Wake Forest University Health Sciences samples were estimated via the expectation maximization (E-M) algorithm implemented in the software FRAPPE [13, 14] . Analyses using the PROFILE samples were adjusted for ancestry using principal components, however those from the NIH were not (as these data were unavailable). The primary inference is based on the recessive model of the E1 MYH9 haplotype, consistent with previously published and replicated associations of that specific model. Other tests are only provided for additional information and completeness. Specifically, to test for an association between each SNP and LN we computed the overall genotypic test of association and the three a priori genetic models (dominant, additive and recessive). We tested for departures from additivity and computed the allelic and four-marker E1 haplotype. These tests were computed using SNPGWA and Dandelion (http:// www.phs.wfubmc.edu/public_bios/sec_gene/downloads.cfm) -both programs use the E-M algorithm for haplotype estimation.
Both the large-sample and permutation tests were computed to estimate statistical significance. Finally, we performed a combined analysis in all PROFILE and NIDDK samples genotyped for 5 common SNPs; this analysis was not ancestry-adjusted due to lack of AIMs or principal components in the NIH sample. Table 1 contains demographic data in all cases and controls. Twenty-five unrelated AA cases with SLE preceding ESRD were recruited at the WFUSM, along with 735 controls lacking SLE. Available medical records, renal histopathology and laboratory data were reviewed in these 25 cases with ESRD and none had co-morbidities other than SLE felt likely to cause kidney disease (e.g. none had diabetes mellitus, HIV infection, hepatitis B or hepatitis C viral infection). ESRD cases were 88% female with mean (SD) age at ESRD 42.3 8 12.6 years and 7 reportedly had renal-biopsy evidence of LN (4 of the renal biopsy reports were available; all revealed diffuse proliferative glomerulonephritis, 1 on a background of membranous nephropathy). Medical records in the 18 cases lacking kidney biopsies revealed 4 cases had anti-doublestranded DNA titers 6 1/160 with proteinuria exceeding 5.2 g/day (maximum 11.6 g/day). The causes of ESRD listed in the US Renal Data Systems may not always be accurate [15, 16] . In an attempt to clarify this question, we contacted surviving SLE patients with ESRD recruited at WFUSM, their families and physicians. The nephrologists caring for these 25 ESRD patients confirmed the clinical diagnosis of LN and we could not detect risk factors for non-SLE nephropathies in these cases.
Results
The second association analysis was performed in the 583 AA PROFILE participants. 93% of PROFILE LN cases and 94% of SLE controls were female ( table 1 ). Age at SLE onset was 29.7 8 11.3 years in LN cases and 35.3 8 11.5 years in non-nephropathy controls (p ! 0.0001). Mean (median) 8 SD SLE duration and number of ACR SLE diagnostic criteria in cases versus controls, respectively, were 9.5 (8.5) 8 6.8 vs. 7.3 (6.4) 8 5.0 years (p = 0.001), and 6.9 (7) 8 1.8 vs. 6.9 (7) 8 1.8 (p = 0.96), respectively. In PROFILE, 71.2% of LN cases and 66% of SLE controls, respectively, had longitudinal measures of renal parameters; 28.8% of cases and 34% of controls had a single measure.
The third association analysis was performed using 60 lupus cases at the NIH Clinical Center, of whom 39 manifested LN and 21 did not after a follow-up interval of 14.5 8 9.4 and 13.7 8 6.4 years, respectively. Among LN cases, 89% were female; among SLE controls, 85% were female. Mean ages at entry into the study cohort were 26.5 8 9.7 and 33.5 8 11.8 years, respectively. All SNPs met HWE expectations in the WFUSM, NIH and PROFILE cases and controls. Tables 2 and 3 , respectively, contain association results with the seven MYH9 single SNPs and the E1 haplotype in Wake Forest SLE-ESRD cases and non-SLE controls. Despite the small sample, the a priori recessive model form of the E1 haplotype was associated with SLE-ESRD (OR 3.09; 95% CI 1.31-7.27; p = 0.010), as were 4 of 7 individual SNPs (OR 2.37-4.31; p values ranged from 0.022 to 0.05). Tables 4 and 5 , respectively, contain results of the single SNP and E1 haplotype replication analyses from the 300 PROFILE LN cases and 246 SLE non-nephropathy controls with data on principal components. No evidence of association was detected between MYH9 single SNPs ( table 4 ) or the E1 haplotype (OR 0.79; 95% CI 0.55-1.15; p = 0.22 recessive). In addition, analyses adjusting solely for age and gender in the full PROFILE sample of 318 LN cases and 265 SLE controls had similar results (data not shown). These results suggested that heterogeneity existed between the PROFILE LN cases and the Wake Forest SLE-ESRD cases, or that the different types of control groups contributed to results (non-SLE controls in Wake Forest and SLE non-nephropathy controls in PROFILE). PROFILE controls are felt to be the optimal sample for detecting nephropathy genes, because all had SLE. We note that there is no evidence that the MYH9 polymorphisms predispose to SLE itself (data not shown) based on genome-wide association data [17] . Among the smaller NIH lupus cohort, none of the seven MYH9 SNPs or E1 haplotype was independently associated with LN (data not shown). In addition, no evidence of E1 haplotype association was detected within the NIH cohort when contrasting the 8 LN patients with serum creatinine concentrations 6 2.5 mg/dl versus the 52 lupus patients with serum creatinine values ! 2.5 mg/ dl (p = 0.98, additive model). Table 6 contains the results of the MYH9 E1 haplotype association analysis in all LN cases and SLE non-nephropathy controls from the combined PROFILE and NIDDK samples. No evidence of association was observed in these well-phenotyped cases and controls, nor was association detected for any individual SNP (ancestry-adjustment was not performed due to the lack of AIMs in the NIH samples).
We next tested whether differences in genotype frequencies were present between the Wake Forest SLE-ESRD cases (n = 25) and PROFILE ESRD cases (n = 31) with LN-associated ESRD. Significant differences in MYH9 E1 haplotype frequencies were detected between these cases with ESRD (p = 0.037), suggesting that the renal diseases in each cohort were not homogeneous. Although combining SLE cases from Wake Forest and PROFILE revealed significant evidence of MYH9 association (compared to the PROFILE SLE non-nephropathy controls and separately to the Wake Forest non-SLE controls), the results were dominated by Wake Forest ESRD cases (data not shown).
Discussion
Prior reports in AA families with multiple members having kidney disease from disparate etiologies suggested that overarching kidney disease susceptibility genes were present. For FSGS, HIVAN, FGGS, collapsing C1q nephropathy and clinically diagnosed diabetes-associated ESRD, susceptibility often results from polymorphisms in the MYH9 gene [1] [2] [3] [4] 18] The initial MYH9 association with SLE-ESRD in the Wake Forest samples suggested that LN might also be a MYH9 -associated form of nephropathy. However, when attempting to replicate this finding in rheumatology-based samples not recruited from dialysis clinics, we did not detect any evidence or trends toward association. PROFILE and NIH cases and controls were carefully evaluated by rheumatologists and ACR diagnostic criteria were uniformly applied. It is unclear whether the MYH9 -associated forms of kidney disease in Wake Forest participants resulted from occult primary kidney diseases in the FSGS spectrum in patients with coincident SLE or whether MYH9 is associated with classic histologic changes of LN. We suspect the former scenario, based on the follow-up PROFILE and NIH results.
The different association results in subjects recruited in PROFILE, NIH and at Wake Forest may reflect the different sources of referral and phenotyping criteria and the lack of an SLE non-nephropathy group at Wake Forest. PROFILE and the NIH cohort were directed by rheumatologists, while Wake Forest recruitment was performed in dialysis facilities. Although ancestry data was not available in NIH samples, it is unlikely that differences in ancestry had a marked effect on these results based on the principal component-adjusted PROFILE data. It is apparent that cases with severe LN in PROFILE differed from those on dialysis and recruited at WFUSM. Contrasting genotypes between the WFUSM ESRD cases and PROFILE ESRD cases revealed that the E1 haplotype was present significantly more often in WFUSM cases (p = 0.037). Another possible explanation for these differences are population genetic substructure differences among study centers or geographic differences in environmental factors interacting with MYH9 kidney risk alleles.
Regarding issues of multiple testing, the primary inference based on the literature is the contrast of the homozygotes for the MYH9 E1 risk haplotype versus all other haplotypes (i.e. recessive model). For this strong a priori comparison, we made no multiple comparisons adjustment. For those SNPs within the E1 haplotype, the same philosophy holds. However, it is reasonable to make Genetic association studies in LN have revealed association with kallikrein KLK1 and KLK3 promoter genes [19] , the Fc receptor gene Fc ␥ RIIIa [20, 21] , tumor necrosis factor-␣ -induced protein 3 TNFAIP3 [22] , and the C1q genomic region in minority populations [23] . These gene families involve immune function and vascular reactivity. It is felt likely that MYH9 affects cytoskeletal integrity of the renal podocyte, although glomerular capillary thrombotic effects remain possible as abnormal platelets are present in MYH9 -associated hematologic diseases (May-Hegglin anomaly, Fechtner, Sebastian and Epstein syndromes) [24] . MYH9 appears necessary for embryonic development, as heterocrosses of mice with targeted gene disruptions in MYH9 did not yield homozygotes [25] However, we feel that MYH9 does not play a major role in susceptibility to LN in AA.
In conclusion, this association analysis between LN and the MYH9 gene in AA fails to support a major role for MYH9 in causation of LN. The results support the need for replication analyses whenever genetic association is detected and suggests that the clinical diagnoses that are listed in the USRDS registry may not always be correct. A subset of AA with SLE and ESRD may have primary FSGS or FGGS ( MYH9 -associated nephropathies) with coincident SLE.
